Soil respiration constitutes the second largest flux of carbon (C) between terrestrial ecosystems and the atmosphere. This study provides a synthesis of soil respiration (R s ) in 20 European grasslands across a climatic transect, including ten meadows, eight pastures and two unmanaged grasslands. Maximum rates of R s (R s max ), R s at a reference soil temperature (10°C; R s 10 ) and annual R s (estimated for 13 sites) ranged from 1.9 to 15.9 lmol CO 2 m -2 s -1 , 0.3 to 5.5 lmol CO 2 m -2 s -1 and 58 to 1988 g C m -2 y -1 , respectively. Values obtained for Central European mountain meadows are amongst the highest so far reported for any type of ecosystem. Across all sites R s max was closely related to R s 10 .
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Assimilate supply affected R s at timescales from daily (but not necessarily diurnal) to annual. Reductions of assimilate supply by removal of aboveground biomass through grazing and cutting resulted in a rapid and a significant decrease of R s . Temperature-independent seasonal fluctuations of R s of an intensively managed pasture were closely related to changes in leaf area index (LAI). Across sites R s 10 increased with mean annual soil temperature (MAT), LAI and gross primary productivity (GPP), indicating that assimilate supply overrides potential acclimation to prevailing temperatures. Also annual R s was closely related to LAI and GPP. Because the latter two parameters were coupled to MAT, temperature was a suitable surrogate for deriving estimates of annual R s across the grasslands studied. These findings contribute to our understanding of regional patterns of soil C fluxes and highlight the importance of assimilate supply for soil CO 2 emissions at various timescales.
INTRODUCTION
Soil respiration is the major source of CO 2 released by terrestrial ecosystems and constitutes the second largest flux of carbon between ecosystems and the atmosphere (Raich and Schlesinger 1992) . Current global estimates indicate that soils emit 68-80 Pg C per year (Raich and Potter 1995; Raich and others 2002) , which exceeds emission rates from fossil fuel combustion by a factor of more than 10 (Schlesinger and Andrews 2000). In view of a growing interest concerning the role of ecosystems in the terrestrial carbon cycle and its feedbacks to climate change, increasing numbers of studies have explored soil respiration in relation to environmental factors and across bioclimatic gradients. Whilst soil respiration (R s ) has been well characterized for a range of forest ecosystems (for example, recent Depending on definition, grasslands cover 20-40% of the land surface. In Europe, grasslands play an important role in areas where climate and topography restrict a highly productive use of crops. Therefore, grasslands are frequent in mountain areas of Central, Southern and Eastern Europe and the uplands at higher latitudes. There is limited evidence that soil CO 2 efflux from grasslands may be about 20% higher than that from comparable forest stands (Raich and Tufekcioglu 2000) . Unfortunately, however, most annual estimates of soil CO 2 efflux from temperate grasslands date back to the 1970s (compare reviews by Raich and Schlesinger 1992; Raich and Potter 1995) , when primarily static-chamber methods were applied, which have been shown to underestimate R s rates when fluxes are high (for example, Norman and others 1997) . Recent estimates for annual R s in grasslands based on dynamic chambers are largely restricted to seasonally dry, C4 dominated grasslands in North and South America (for example, Luo and others 1996; Bremer and others 1998; Davidson and others 2000; Wan and Luo 2003) . These grassland systems are mostly unfertilized and prone to extended periods of water stress, and may therefore exhibit lower rates of R s than could be expected, for example, for managed grasslands in temperate climates. Up to now no comparative study on R s is available for temperate grasslands across a latitudinal transect. Thus, it is an aim of the present paper to provide an overview of soil CO 2 efflux from differently managed and unmanaged temperate grasslands along a climatic gradient. We explore the hypotheses that with increasing mean annual temperature (1) annual soil CO 2 efflux increases in the absence of extended droughts and (2) soil respiration at a reference temperature decreases, indicating a temperature acclimation of respiratory processes (as suggested by recent studies by others 2003 and Rodeghiero and Cescatti 2005) .
A second objective of this study is to analyze possible effects of assimilate supply on R s at timescales from diurnal to annual. A number of recent studies have shown that assimilate supply may strongly affect R s . Temperature-independent diurnal variations of R s under trees have been suggested to result from changes in photosynthesis (Tang and others 2005; Baldocchi and others 2006; Liu and others 2006 ). An interruption of the transport of assimilates to the soil by tree girdling results in a substantial decrease of soil CO 2 efflux (Hö gberg and others 2001). Likewise, reductions in assimilate supply by shading and/or clipping have been shown to reduce grassland R s (for example, Craine and others 1999; Wan and Luo 2003; Bahn and others 2006) . Estimates of the temperature sensitivity of R s are often confounded by unidentified processes of substrate supply (compare reviews by Davidson and others 2006; . At an annual timescale R s in forests is closely related to gross primary productivity (GPP) and leaf area index (LAI) (Janssens and others 2001; Reichstein and others 2003; Hibbard and others 2005) , indicating a coupling between the amounts of CO 2 assimilated by forest canopies and released from the soil. We expected that, similarly, in grasslands soil respiration responds to assimilate supply (1) at the diurnal scale, rates at a given temperature being higher during daytime than at night, (2) at the daily to weekly scale in relation to grassland management (cutting and grazing), and (3) at the annual scale in relation to GPP and LAI.
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METHODS
Sites
The sites were studied within the EU-Framework Program 5 projects CarboMont (Cernusca and others 2008) and GreenGrass (Soussana and others 2007) and cover a latitudinal transect from 41°90' N to 67°72' N and an altitudinal range from 50 m (Carlow, Ireland) to almost 2000 m a.s.l. (Stubai, Austrian Alps) (Table 1) , mean annual air and soil temperatures ranging from -1.0 to 10.1°C and from 3.3 to 11.8°C, respectively. Mean annual precipitation ranges from 500 to 1760 mm. Grasslands include meadows that are fertilized and cut at least twice a year (intensive use; Oensingen 2, Stubai 1), lightly used meadows that are unfertilized or slightly fertilized, cut once a year and are mostly grazed during short periods late in the season (all other meadows), a fertilized intensive pasture that is cut for silage and is grazed extensively from then onwards (Carlow), moderately grazed pastures, abandoned and natural (unmanaged) grassland. For details on site characteristics refer to Table 1 .
Soil Respiration Measurements
The two major systems used in this study were the LI 6400-09 soil respiration chamber combined with a LI 6400 IRGA (Li-Cor, Lincoln, NE, USA) and the upgraded SRC-1 chamber in combination with an IRGA of the same company (EGM 1, 2 and 4, CIRAS-1) (PPSystems, Hitchin, Herts, UK) (Table 1). On several occasions these two systems were cross-compared (October 2002, Stubai Valley; April 2004, Innsbruck; August 2004, Seebodenalp; September 2004, Monte Bondone; summer 2005, Viterbo) , indicating a good agreement (on the average less than 5% difference) between the systems applied on the same collars. At the Berchtesgaden sites a manually operated closed system (home-made system as described by Velthof and Oenema 1995, combining a chamber with a vent with IRGAs (Li-800 and Li-6262, Licor, Lincoln, NE, USA) was applied (compare also Pumpanen and others 2004) . At Polana a home-made chamber was attached to an infrared gas analyzer (Li 6250, Li-Cor, USA). At Alinya and at the Stubai sites in addition to the closed chamber systems homemade open systems were installed. For measurements, all chambers were placed on collars, which had been inserted into the soil at least 24 h prior to measurement (Bahn and others 2008) . Aboveground vegetation was removed from inside the collars before measurements were started. In parallel to soil respiration measurements soil temperature (using soil temperature probes) and soil moisture (using TDR probes) were recorded.
Additional Site Parameters
Continuous half-hourly means of soil temperature and moisture were obtained with microclimate stations using soil thermocouples and TDR sensors. Soil carbon stocks were measured on at least nine cores per sites, except at Vä rriö where fewer large soil monoliths were excavated. Sieved and rootfree soil samples were analyzed for C using elemental analyzers. Leaf area index and standing biomass and were measured from samples cut at the soil surface. Leaf area was determined using leaf area meters. For biomass estimates samples were oven-dried at 70-80°C. Gross primary productivity was estimated from eddy covariance measurements, as described by Wohlfahrt and others (2008) and Gilmanov and others (2007) .
Annual Totals of Soil Respiration
Annual totals of soil respiration were estimated by applying the following functions, which were fitted against the measured values.
where R s denotes soil respiration rate (lmol CO 2 m -2 s -1 ); a, b and k are fitting parameters and T s is soil temperature (°C) (compare Rodeghiero and Cescatti 2005) .
where R s 10 is the soil respiration rate at 10°C and E o is the activation energy (Lloyd and Taylor 1994, Eqn. 1 
where a and b are fitting parameters and M s is the soil moisture (relative volumetric soil water content, %). A nonlinear estimation least squares method (STATISTICA, StatSoft, Inc., 2005) was used to fit the models and derive model parameters. For estimating the generalization error of the applied models (Eqs. 1, 2, 3), and testing their performance, we applied a holdout validation method (Shao 1993) . For each site the original dataset was separated in two datasets called the ''training set'' and the ''testing set''. The testing set was selected by randomly sampling 20% of the original data, according to their temperature frequency distribution. The remaining 80% of the data belonging to the training set was used for model fitting and to derive the model parameters with a nonlinear estimation least square method (STAT-ISTICA, Statsoft, Inc., 2005) . We preferred the holdout validation method to a more complex kfold cross validation (Shao 1993) , because the datasets were large enough to allow for extraction of 20% of the data, leaving at the same time enough data for model fitting (more than 21; Table 2 ). Table 2 summarizes the model parameters and r 2 , as well as linear regression statistics of the validation. At all sites residuals of predicted versus observed values of R s were plotted against M s , r 2 values of the linear regressions are reported in Table 2 . The models (1)- (3) were compared with respect to r 2 , mean absolute error (MAE) and model efficiency (ME) (compare for example, Medlyn and others 2005; Richardson and Hollinger 2005) , and the best performing model was selected for estimating annual totals of soil respiration for each site (Table 2) .
Annual soil CO 2 efflux was calculated as the sum of single half-hourly fluxes obtained from model outputs based on continuously recorded soil temperature and moisture data. There are several approaches to estimating the uncertainty of modelled annual totals of fluxes, including Monte Carlo and bootstrap simulations (Richardson and Hollinger 2005) . We decided to adopt a simpler approach, which is more conservative than the ones mentioned above and thus likely provides comparatively higher uncertainty estimates. We binned the data to equally sized T s classes. For each class the average and the 95% confidence interval of R s were calculated, which were each used for parameterizing the equation previously applied for the site (compare Lavigne and others 1997) and calculating annual R s and its confidence interval as described above. Following this approach the uncertainty estimate for a selected site (Stubai 1) is approximately five times higher (11.2%, Table 2 ) than when applying a bootstrap analysis (2.2%), and about half the value when the bootstrap analysis is combined with a Monte Carlo simulation (assuming a Gaussian uncertainty of 20%) of soil temperature (24%).
RESULTS
Rates of soil respiration at a reference temperature of 10°C (R s 10 ) ranged from 0.25 to 5.49 lmol m -2 s -1 (Table 1) and increased with increasing mean annual soil temperature, C content of the upper soil layers, peak leaf area index and annual gross primary productivity across sites ( Figure 1A-D Figure 2 ). Across sites maximum R s rates were not correlated with associated soil temperatures, but generally increased with increasing R s 10 of a site (Figure 2A, B) . The temperature sensitivity of R s (Q 10 ) based on the pooled data sets and calculated for a common temperature range (at 5 cm depth) from 10 to 15°C ranged from 2.0 to 4.9 and was not related to mean annual soil temperature (r 2 = 0.01; not shown). Soil moisture constrained R s at higher soil temperatures at most sites. This is reflected by the logistic model, whose sigmoid shape levels R s at higher T s when limitations due to low soil moisture are frequent, and the Lloyd and Taylor model combined with a Gompertz-function, which modifies the temperature response of R s in relation to soil moisture. Reductions of R s by low soil moisture were most pronounced at the Spanish site Alinya, which-with the exception of the northernmost site Vä rriö -was characterized by the lowest amounts of annual precipitation (Table 1) . Two time series illustrate the course of R s at Alinya during two summer periods immediately before and after short rainfall events. In July 2003 R s was low and its diurnal variation was minor until after a rain event when soil moisture increased from less than 10 to more than 20 vol%. After a short time lag following the rain pulse soil CO 2 efflux doubled and then followed a distinct diurnal pattern (Figure 3A) . As soil moisture dropped below 10 vol% during the subsequent days, R s was again reduced to values occurring before the rain, with a decreasing response to T s fluctuations. In June 2004, soil moisture never decreased to less than 20 vol%, and an increase in soil moisture after rain did not alter R s rates and their response to T s ( Figure 3B ).
The temperature response of R s was not only influenced by thresholds of soil moisture, but varied under non-limiting water supply in the course of the day. This was particularly obvious on clear days, when a hysteresis effect occurred, which became more apparent when relating soil CO 2 efflux to temperature at increasing soil depth ( Figure 4A-C) . When related to a given T s at 1 cm soil depth R s was higher in the late afternoon as compared to the morning hours ( Figure 4A ), whereas in relation to a given T s at deeper soil layers R s was highest during morning hours and lowest at night (Figure 4B-C) . On a cloudy day at a given T s at 1 cm evening and early night-time values of R s were slightly higher than during the rest of the day ( Figure 4D ), whereas no clear temperature response and temperature-independent pattern of R s were 
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Model numbers refer to Eqs. 1-3 for logistic function, Lloyd and Taylor function and Lloyd and Taylor function combined with a Gompertz-function, respectively, as described in the section ''Methods''.
Soil Respiration in European Grasslands
observed in relation to temperatures at deeper soil layers ( Figure 4E-F) . At a daily to weekly timescale land use affected R s and its response to T s . At Monte Bondone R s of clipped plots was reduced by approximately 10% relative to adjacent unclipped plots, and recovered after about 2 weeks (data not shown). At Amplero clipping resulted in a reduction of R s by more than 50% at two periods during August, and by almost 30% later in the season, whereas it caused an increase in soil temperature during all periods (Figure 5) . Additional grazing caused a further significant reduction of R s only in late August ( Figure 5 ). At Carlow a silage cut early in the season followed by subsequent extensive grazing resulted in distinct seasonal fluctuations of LAI, which explained much of the variation of observed versus predicted R s values, as based on the seasonal relationship between T s and R s (Figure 6 ).
Annual soil CO 2 efflux from the grasslands ranged from 58 to 1988 g C m -2 y -1 (Table 2) , the average being 1108 g C m -2 y -1 . The highest values were found for meadows in the Alps (Oensingen, Stubai Valley, Monte Bondone), the lowest occurred at the northernmost site in Finland (Vä rriö ). The uncertainty of the annual estimates was 9-25% for most sites, but as high as 40 to almost 90% for three sites in different parts of the European transect (Table 2) . Across sites annual R s was closely related to mean annual T s ( Figure 7A ). Without the two Mediterranean sites (Amplero, Alinya), whose annual totals were distinctly below the regression line, r 2 of the regression increased from 0.81 to 0.92 (P < 0.001). Across sites annual R s increased with increasing soil C content in the upper soil layers (r 2 = 0.65; not shown) and peak leaf area index ( Figure 7B , without values for Auchencorth Moss r 2 = 0.77), and was very well correlated with gross primary productivity (Figure 7C ), but exhibited no relationship with peak aboveground biomass (r 2 = 0.02; not shown). Land use of the grasslands studied was generally related to mean annual soil temperature ( Figure 7A ), which decreased from meadows (mean annual T s across sites 9.5 ± 0.6°C) to pastures (8.3 ± 0.7°C), and the natural grasslands (5.1 ± 1.8°C). Thus it is not possible to separate effects of land use on annual R s from those related to temperature. Average annual R s pooled for meadows, pastures and natural grasslands was 1520 ± 151, 865 ± 155 and 293 ± 236 g C m . Soil respiration at a reference temperature (10°C) in relation to A mean annual soil temperature (r 2 = 0.69, P < 0.001), B soil C content in the uppermost 20-25 cm of the soil (r 2 = 0.50, P < 0.05), C peak leaf area index (r 2 = 0.55, P < 0.01) and D annual gross primary productivity (r 2 = 0.88, P = 0.001). Meadows (m), pastures (), unmanaged Northern grasslands (e). Raich and Schlesinger (1992) and Raich and Potter (1995) showed that at a global scale temperature is the single best predictor of annual R s in the absence of water stress. More recently, several authors have pointed out that a consideration of productivity (for example, gross primary productivity, GPP) or surrogates of productivity (for example, peak leaf area index, LAI) improves predictions of annual R s of forests (Janssens and others 2001; Reichstein and others 2003; Hibbard and others 2005) , especially in cases when GPP does not increase consistently with temperature (Janssens and others 2001). Dornbush and Raich (2006) have demonstrated for central Iowa grasslands that, in contrast, aboveground net primary productivity (ANPP) is less suited for predicting intra-annual variations of R s than soil temperature. All these observations are well supported by our data. We found that across sites annual R s was closely related to GPP and LAI ( Figure 7C, D) . At the same time peak standing biomass, a proxy for ANPP, did not explain intersite variations of annual R s . This, however, was not unexpected, as peak standing biomass underestimates productivity in grasslands that are cut more than once a year or that are intensively grazed, and it likely overestimates productivity in unmanaged sites. Moreover, estimates of site productivity from aboveground biomass may be strongly biased, as they ignore belowground productivity as well as dying and decomposing biomass. Mean annual T s was a very good predictor of annual R s across sites, except for the two Mediterranean mountain grasslands, Figure 2 . Maximum rates of soil respiration in relation to A the associated soil temperature and B soil respiration at a reference temperature (10°C) (r 2 = 0.87, P < 0.001). Meadows (m), pastures (), unmanaged Northern grasslands (e). Error bars denote standard deviations obtained for the highest spatially replicated soil respiration rates (n = 3-9) recorded at a single point of time. which exhibited distinctly lower annual R s than expected from its relationship to mean annual T s . For these two cases proxies or direct measures of soil moisture (compare Table 2 ; Figure 3 ) would need to be included in models accounting for the variability of R s at larger scales (Raich and others 2002; Reichstein and others 2003) . The fact that the slope of the temperature-respiration relationship of the grasslands studied ( Figure 7A ) was best described by a power rather than a linear (Raich and Schlesinger 1992 ) function may be explained by the fact that land use changed from pastures to more productive, fertilized meadows as annual temperatures increased.
DISCUSSION
Soil Respiration in Relation to Climate and Site Productivity
There is some disagreement between studies on whether (Smith 2003; Rodeghiero and Cescatti 2005) or not (Janssens and others 2003; Reichstein and others 2003) soil C content influences R s . Rodeghiero and Cescatti (2005) suggested that a lack of standardized protocols for soil C sampling and a confusion of the terms concentration and content may obscure a possible relationship of soil C content and respiration. Our data indicate an increase in annual R s with soil C content in the uppermost soil layers. It should, however, be noted that sites with high soil C content were also characterized by higher productivity. The degree to which soil efflux is coupled to soil C content may be largely determined by the proportions of labile versus recalcitrant C (Gu and others 2004; Davidson and Jansssens 2006) , as well as priming effects on soil organic matter decomposition through fresh organic C from litterfall and root exudation (Kuzyakov 2002; Pendall and others 2003; Subke and others 2004) , which may be coupled to short-term assimilate supply as related to gross primary productivity. . Annual soil respiration in relation to A mean annual soil temperature (r 2 = 0.81, P < 0.001), B peak leaf area index (r 2 = 0.74, P < 0.001) and C annual gross primary productivity (r 2 = 0.94, P < 0.001). Meadows (m), pastures (), unmanaged Northern grasslands (e). 
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Magnitude of Grassland Soil Respiration and Its Significance for Partitioning Ecosystem Carbon Fluxes
Soil CO 2 efflux varied considerably across the grasslands studied. Peak values, as regards instantaneous maximum flux rates, rates at a reference temperature and annual totals, were amongst the highest reported in the literature (Table 3) . Especially Central European meadows exhibited distinctly higher rates and annual totals of soil CO 2 efflux than has previously been documented for most forests and grasslands (Table 3) . These meadows are characterized by comparatively high T s during summer coupled with only minor restrictions due to low soil moisture, by fertilization and, in consequence, by a comparatively high peak leaf area index and gross primary productivity.
Comparatively low values of CO 2 efflux of less than 1 lmol m -2 s -1 during winter were compensated by very high respiration rates during summer (up to 14-16 lmol m -2 s -1 ) yielding annual totals in the range of 1743-1988 g C m -2 y -1 (Tables 1, 2 ). For a lightly grazed grassland on the Tibetan plateau a similarly high annual soil CO 2 efflux was estimated (Cao and others 2004, Table 3 ).
Attempts to quantify soil CO 2 emissions at scales from ecosystems to the globe (Raich and Schlesinger 1992; Raich and Potter 1995; Schlesinger and Andrews 2000; Raich and others 2002) rely very much on the accuracy of estimates of annual totals and their underlying parameters. However there is still a considerable uncertainty in such estimates (for example, Hibbard and others 2005;  this study), which may result from inevitable tradeoffs between temporal and spatial data coverage (Savage and Davidson 2003) , the large amount of abiotic and biotic drivers and their interactions that may vary, and often co-vary, in the course of the year (for example, Davidson and others 2006) and interannually (Raich and others 2002) and the vast diversity of C substrates and enzymes, which so far constrain mechanistic approaches to modelling soil respiration . Such uncertainties not only reduce the value of estimates of the magnitude of individual fluxes, but also limit their usefulness for partitioning ecosystem carbon fluxes. A particularly critical aspect concerning estimates of ecosystem CO 2 component fluxes is related to systematic differences between different methods. This is a major constraint when, for example, relating absolute values of annual R s (based on chamber measurements) to those of GPP (derived from eddy covariance measurements) (Table 1, Figure 7D ). Generally, chamber-based estimates of fluxes (as mostly applied for soil respiration measurements) tend to yield distinctly ( Therefore, care should be taken when using soil respiration data based on chamber measurements for partitioning ecosystem, regional or global fluxes of CO 2 , which are based on different methodologies.
Soil Respiration and Short-Term Changes in Assimilate Supply
In recent years it has become increasingly evident that soil respiration is closely related to canopy Soil Respiration in European Grasslands photosynthesis at various timescales. As discussed above, GPP and its surrogate LAI are generally well correlated with annual R s . Also at the seasonal timescale we observed in an intensively managed pasture that the residuals of the temperature-respiration relationship could be well explained by changes in LAI (Figure 6 ). Likewise, Reichstein and others (2003) found that across a range of forest ecosystems residual R s (based on a model using temperature and precipitation as a predictor) was closely related to LAI. Bremer and Ham (2002) found for an intensively grazed Konza prairie that LAI needed to be considered to obtain realistic estimates of annual R s . Our cutting and grazing experiments indicate that removal of the leaf mass may result in a significant reduction of R s (Figure 5) and its temperature sensitivity. This is in agreement with observations from tallgrass prairies and a pasture on the Tibetan plateau (Bremer and others 1998; Johnson and Matchett 2001; Wan and Luo 2003; Cao and others 2004) . In contrast, it has also been observed that soil warming following clipping may override effects of reduced assimilate supply and lead to an increase in R s (Bahn and others 2006) . However, when corrected for such temperature effects R s is consistently reduced by clipping within 1-2 days (Wan and Luo 2003; Bahn and others 2006;  this study), which is arguably the effect of a lack of assimilate supply by photosynthesis.
These findings strongly favor the view of a close short-term coupling of photosynthesis and R s . Evidence also comes from isotopic studies demonstrating that in forests R s is largely driven by freshly produced photosynthates and that time-lags for the isotopic signal from tree photosynthesis to appear in R s are in the range of 1-10 days Bowling and others 2002; Ekblad and others 2005; Steinmann and others 2004) . It remains, however, somewhat speculative to what extent R s is affected by photosynthesis at a diurnal timescale. Recently, it has been shown that temperature-independent diel variations of R s occur, which have been interpreted as modulating effects of photosynthesis (Tang and others 2005; Baldocchi and others 2006; Liu and others 2006) . Our results indicate, similarly, that there is a diurnal hysteresis in the temperature-R s relationship (Figure 4) . However, especially on sunny days the pattern changes depending on the soil depth at which temperature is measured ( Figure 4A-C) . Such a diel hysteresis, which can also be depicted by the residuals of observed versus predicted values of the temperature-respiration relationship (Liu and others 2006) , may be determined by a number of factors that produce a time lag between the rate of CO 2 flux emitted from the soil and the T s at a given depth, the most predominant ones being (1) shifts in phase and amplitude of soil temperature with depth, (2) diurnal changes of soil moisture close to a critical threshold value, (3) time lags between CO 2 production in various soil layers and the diffusion of CO 2 out of the soil (which may be more relevant when soil moisture is high) and (4) possible effects of diurnal changes in the supply of newly produced photosynthates on root and rhizosphere respiration. In the case of Figure 4 soil moisture is unlikely to have determined the observed hystereses (compare Figure 3 and section ''Results''). However, it is not possible to clearly separate potential effects of progressive changes in T s and of photosynthesis. Even when assuming (1) a constant basal respiratory activity and (2) a constant temperature response across all soil layers as well as (3) no short-term effects of photosynthesis on soil respiration, a diurnal hysteresis in the relationship between soil temperature at any fixed depth and soil respiration would occur, because shifts in phase and amplitude of soil temperature with depth during the day create time lags in the relationship (Reichstein and others 2005) . However, it is likely that respiratory activity and its temperature response are not evenly distributed in the soil, being higher in soil layers with high root activity and lower in deeper soil layers where little or no rhizosphere priming of the soil organic matter decomposition occurs (for example, Boone and others 1998; Kuzyakov 2002; Pendall and others 2003; Fontaine and others 2004) . In that case effects will be much more confounded and preclude a clear interpretation of an apparent diurnal relationship of canopy photosynthesis versus soil respiration (as described for example, by Tang and others 2005) . A way forward in understanding the short-term coupling between canopy photosynthesis and R s would be to monitor diurnal changes in CO 2 production in the main rooting horizon together with the associated T s and moisture, together with canopy photosynthesis, and/or to carry out factorial manipulation experiments including isotopic pulse labelling.
CONCLUSIONS
This study provides the first synthesis of soil respiration in temperate (mostly mountain) grasslands along a climatic transect, documenting that soil CO 2 efflux from Central European meadows is amongst the highest so far reported for any type of ecosystem. The study indicates that in and across grasslands soil respiration is closely related to assimilate supply for time scales from daily (but not necessarily diurnal) to annual. Across sites R s 10 increased with mean annual soil temperature (MAT), LAI and gross primary productivity (GPP) indicating that assimilate supply overrides potential acclimation to prevailing temperatures. Also annual R s was closely related to LAI and GPP. Because the latter two parameters were coupled to MAT, temperature was a suitable surrogate for deriving estimates of annual R s across the grasslands studied. Thus, our study contributes to an understanding of regional patterns of soil C fluxes, and highlights the importance of assimilate supply as a major driver of soil CO 2 emissions and the necessity of future work examining more explicitly a direct short-term coupling between canopy photosynthesis and soil respiratory fluxes.
